An increasing number of physicists are investigating nuclear collisions at relativistic energies. (See figure 1.) Accelerators completely devoted to the study of these collisions (such as the Relativistic Heavy Ion Collider at Brookhaven National Laboratory) are under construction. So are hadron colliders (such as the Large Hadron Collider at CERN), which can also be used to accelerate heavy ions.
Relativistic heavy-ion collisions can also be an important tool for traditional nuclear physics research-for example, for investigating nuclear structure, hadronic structure, atomic physics and stellar nucleosynthesis. 3 This has become more evident in the last few years as an increasing number of experiments have been carried out for such purposes. These experiments are based on what happens in distant collisions between relativistic nuclei, without nuclear contact. They are therefore very different on physical grounds from the frontal collisions referred to above. Whereas for central collisions the driving forces are mainly of hadronic origin, distant collisions without nuclear contact are completely dominated by electromagnetic interactions.
The electromagnetic interactions are so important in high-energy collisions between heavy ions primarily because of the ions' large charge (which means that the cross sections are enhanced by the large factors of Z 2 and Z 4 for one-and two-photon processes, respectively) and the Lorentz contraction. (See figure 2.) Lorentz contraction implies that in a collision with impact parameter b the field generated by the relativistic nucleus with velocity v is effective during a time interval A£ given approxiCarlos Bertulani is a visiting scientist at the Gesellschaft fur Schwerionenforschung, in Darmstadt, Germany, and a professor of physics at the Federal University of Rio de Janeiro, in Brazil. Gerhard Baur is a member of the scientific staff at the Forschungszentrum julich, injlilich, Germany, and a professor of physics at the University of Basel, in Basel, Switzerland.
mately by b/yv and that the electric (or magnetic) field during this time interval is very intense: E -yZe/b 2 . The factor y, which is (1 -i^/c 
Theory
In 1924 Enrico Fermi had an idea that led to what is now known as the Weizsacker-Williams method (due to the improvements obtained by Carl Friedrich von Weizsacker and Evan James Williams). 4 Fermi calculated the effect of the time-dependent electromagnetic field of a fast charge, replacing it with an equivalent pulse of real photons. One can calculate the pulse of equivalent photons classically, and this method of using equivalent photons is described in textbooks of classical electrodynamics. 5 With the advent of heavy-ion accelerators with relativistic energies-for example, the Bevalac at Lawrence Berkeley Laboratory-it became clear that heavy-ion physics without nuclear contact could be very useful in nuclear physics. Because the electromagnetic interaction is well known, the results of the experiments could be compared with the theoretical calculations and used to test models for photonuclear interaction and photon-photon interaction.
For a collision without nuclear contact, the electric field generated by one of the ions is divergence free in the interior of the other nucleus. One consequence of this is that the matrix elements involved in the nuclear excitation process are the same as those involved in photonuclear reactions. The cross sections for all such electromagnetic processes in heavy-ion collisions can then be written in a factorized form as dw (1) Here fiw is the excitation energy, «•£ is the photonuclear cross section for a given multipolarity, and the n x are virtual photon numbers, or equivalent photon numbers. The total photonuclear cross section is a sum of the contributions from all the multipolarities: <r y = S<r£. Equation 1 contains the spirit of Fermi's method, but* it enables one to calculate the equivalent photon numbers more accurately and for all multipolarities. 36 The interpretation of equation 1 is that the timedependent field of a relativistic heavy ion has the same effect on a target nucleus as would a pulse of real
Experimental setup at the heavy-ion synchrotron at GSI, in Darmstadt, Germany, for observation of the two-gamma decay of the double giant dipole resonance in 208 Pb. James Ritman of the State University of New York, Stony Brook, and GSI monitors the apparatus. Photons are detected with a two-arm photon spectrometer, which is a modular system of BaF 2 detectors (at left in the photograph). Peripheral Coulomb-like interactions are selected using the forward plastic wall of the 4ir spectrometer (right) as a veto detector. The data obtained with this setup were published in reference 15. Figure 1 photons. The number of photons for a given electric or magnetic component A of the field is given by n y Multiplying the number of these "quasireal" photons per unit energy, n A (ai)/a>, by the photoinduced cross section and integrating over the photon energy gives the total cross section for inelastic processes generated by the relativistic heavy ion.
The virtual photon numbers n k are decreasing functions of 10. Above a certain cutoff energy they decrease exponentially with increasing w, meaning that processes that require energies higher than the cutoff energy are very unlikely. 3 Because the interaction time At in a Coulomb collision (the time during which the field is strongest) is about b/yv, the cutoff energy £™ ax is approximately hi At ^ yhc/b. The value of £™ ax defines the kind of photonuclear physics that can be studied by means of this mechanism. Table 1 shows the values of the cutoff energy in the frame of reference of one of the ions for several existing or planned heavy-ion accelerators. We use b = 10 fm, which is typical for a grazing collision. For the planned colliders LHC and RHIC, we used the relation between the Lorentz factors y in the laboratory and in the frame of reference of one of the ions: y = 2yj* ab -1.
The success of an experiment involving any of the many applications of electromagnetic interactions between heavy ions depends on how accurately one can separate the hadronic and electromagnetic contributions to the process. An important quantity that enters equation 1 is the minimum impact parameter for which a pure electromagnetic collision is defined. This can be taken as the sum of the projectile and target matter distribution radii, which are reasonably well known. For collisions at smaller impact parameters, the strong interaction dominates the process.
We will now give examples of various kinds of electromagnetic processes that one can study in heavy-ion accelerators with increasing energy. We begin with moderately low energies of about 100 MeV/nucleon, which are nowadays available in many laboratories.
Nucleosynthesis in the stars
The study of radiative capture reactions is relevant to astrophysics. 7 For example, the first two of the following three reactions are important for the Big Bang scenario, while the last one determines the carbon/oxygen ratio in the universe:
The cross sections for such reactions at typical stellar temperatures are sometimes controversial, from the standpoint of both theory and experiment. The basic reason is the extremely low relative energies of motion at which these reactions should be measured. 7 Due to the Coulomb repulsion the cross sections are very small and decrease steeply with the relative energy.
An alternative, less direct way to determine the radiative capture cross sections is by measuring the breakup of a fast-moving projectile in the Coulomb field of the target. 8 For example, according to equation 1, the cross sections for the reactions 6 Li + Pb -> a + d + Pb and Li -> a + d, at a fixed energy w, are proportional. The cross section for the latter reaction, in turn, is proportional to that of the radiative capture reaction in accord with the detailed balance theorem. Phase-space considerations favor the Coulomb (or electromagnetic) dissociation method over direct measurements. 8 The most suitable beam energies for performing such experiments seem to be around 100 MeV/nucleon. These energies are available at the Grand Accelerateur National d'lons Lourds (GANIL), in Caen, France; at the Gesellschaft fur Schwerionenforschung (GSI, the Institute for Heavy-Ion Research), in Darmstadt, Germany; at Michigan State University, in East Lansing; and at the Institute of Physical and Chemical Research (RIKEN), in Wakoshi, Saitama, Japan. The first measurements using this technique are encouraging.
910 Figure 3 shows data from two of these experiments. The cross sections in figure 3a are for the radiative capture reaction 13 N(p,y) 14 O and were obtained with the Coulomb dissociation method using lead targets. 9 The experiment obtained the value r y = 3.1 ± 0.6 MeV for the radiative width of the 1" state in U O at the excitation energy 5.17 MeV. This radiative capture reaction is of great interest because it determines conditions for starting the hot CNO cycle rather than the regular CNO cycle.
7 Figure 3b shows data from another Coulomb dissociation experiment 10 (colored points), for the radiative capture reaction 4 He(d,y) 6 Li. These data were the first to be obtained in the low-energy region, below the resonance at 0.711 MeV. The other data (black points) were obtained in direct capture measurements. The solid curve is a theoretical calculation.
Radioactive beams
Studies of short-lived nuclei are now possible with heavyion accelerators and the development of new detection techniques. (See the article by Richard N. Boyd and Isao Tanihata in PHYSICS TODAY, June 1992, page 44.) The radioactive nuclei are produced in fragmentation reactions and further gathered in a secondary beam. Some short-lived nuclei are so weakly bound that they fragment when they collide with a target nucleus at a very large impact parameter. This results in huge cross sections for the electromagnetic dissociation of these nuclei. 3 Many experiments of this type have been performed at GANIL, GSI, MSU, RIKEN and other accelerators.
An MSU experiment on the electromagnetic dissociation of u Li is a good example. 11 The two-neutron separation energy of this nucleus is 340 ± 50 keV, which is very small compared with the normal 6-8-MeV binding energy of nucleons in nuclei. As a consequence, the last two neutrons in n Li are distributed in a large extension of radius about 8 femtometers outside a 9 Li core. The structure and reaction mechanisms for this and other radioactive nuclei are not very well known. It is not clear, for example, if the excitation and decay of this nucleus proceeds via an intermediate state or if it is a direct breakup transition. The MSU experiment seems to indicate that the latter possibility prevails. Figure 4a plots a sample of the data obtained in that experiment in the form of the decay spectrum d<x/d_E d , which is proportional to the integrand of equation 1 and is directly related to the dipole response function I </l l.vl \i~>\ 2 of the nucleus for a given excitation energy. If the width of this function is to be associated with the lifetime of a resonant state, the nucleus must decay far away from the target. However, a large shift in the energy of the 9 Li fragments (the Coulomb reacceleration effect) is observed, which is inconsistent with the existence of a resonant state. This is shown in figure 4b for the difference in the velocities of the 9 Li and neutron fragments. According to the investigators in that experiment the peak in figure 4a should not be interpreted as the signature of a resonance. 11 In fact, it can be explained from phase-space considerations alone. 3 
Giant resonances
From table 1 we see that the excitation of giant resonances in heavy-ion collisions does not require very-highenergy accelerators. In fact heavy-ion excitation of giant resonances is now an important field of research at GANIL, GSI, MSU and RIKEN. A very new topic for nuclear structure investigation is the electromagnetic excitation of multiphonon resonances-for example, a giant resonance excited on top of another one. 1213 This kind of excitation cannot be achieved in electron scattering or real photon experiments. But highly energetic heavy ions can be viewed as intense sources of virtual photons, and the probability of multiphoton exchange is not small.
Experiments aiming at multiphonon excitation have recently been performed at GSI. 1415 The experimenters identified the giant resonance states by measuring their gamma or particle decays. Figure 5 shows a sample of the data. Usual giant resonances are easily identified in these data at their expected positions and widths. A bump appearing at about twice the energy of the isovector giant dipole resonance was identified as a double-phonon state. More studies of the strengths, widths and other properties of multiphonon states using the electromagnetic excitation technique are expected to give important information on novel collective vibrations in nuclei.
With increasing energy of the heavy ions we can obtain even higher excitation energies. At the energies available at the Super Proton Synchrotron at CERN, one would expect that delta resonances could be excited electromagnetically. The deltas are nucleonic excitations of about 300 MeV. The decay of such a state to a nucleon and a pion releases about 300 MeV of energy inside the nucleus. The reabsorption of the pion in the nucleus initiates a complicated cascading process that is of much interest for nuclear physics studies. If one uses veto detectors, which make it possible to separate out the nuclear contribution to the process, the electromagnetic excitation of multiple deltas in the nuclei also could be measured. Other useful cases, such as the electromagnetic production of hypernuclei, can also be studied in relativistic heavy-ion colliders.
The excitation of a single hadron in the strong electromagnetic field of a heavy nucleus is also a powerful method for deducing important features of these particles. A well-known example is the excitation of a A into a 1°. The electromagnetic cross section for this process has been measured at CERN 18 and at Fermilab 17 using nickel and uranium targets and relativistic A beams. The 2°i s a magnetic dipole excitation of the A, with an 80-MeV Xe projectiles incident on lead (black points). Also shown are excitation cross sections of two-and three-phonon states. Using carbon targets decreases the cross sections by a factor of 100 (red points). (Adapted from ref. 14.) Figure 5 particle is inversely proportional to the square of the magnetic dipole moment for the transition. Using equation 1 and detailed balance, one can determine the photodecay cross section for the 1° particle. Figure 6 shows the cross sections for the electromagnetic production of 2° on nickel and uranium targets. The theoretical fit 3 (solid lines) to these data gives a lifetime of (7.4 ±0.7) x 10" 20 seconds. This agrees very well with the theoretical predictions and is an important piece of support for the conclusions drawn from the symmetry properties of the SU(3) group.
Production of particles
As in e + e~ colliders, relativistic heavy ions can be used to investigate photon-photon collisions. (See figure 2c.) In analogy with the one-photon process, described by equation 1, the photon-photon processes can be related to the real photon processes by is Here to 2 = AOJ^Z-But unlike equation 1, the above formula is only approximate; it is valid for very-highenergy beams and small excitation energy fico, such that the virtual photons are mostly transverse. The interpretation of this formula is that each of the two relativistic ions generates a pulse of photons, n± and n 2 , respectively. The cross section for the photon-photon collisions is given by a yy . Integrating over the photon spectrum of each ion yields the cross section for yy collisions in heavy-ion colliders.
An important two-photon process in relativistic heavy-ion colliders is the production of e + e~ pairs. Because the required energy for the process is rather small (about 1 MeV), the cross sections are huge, on the order of tens of kilobarns for RHIC or hundreds of kilobarns for the LHC. Multiple production of electron pairs would also be possible. The production of e + ep airs could be an important tool for monitoring the beam in the colliders.
Keeping the beam running for a long time could also be a problem. The probability that an electron is created in a bound orbit in one of the ions is not negligible. 3 This process leads to ion losses from the beam. (The production of free pairs has practically no effect on the beam lifetime.) Estimates of this process indicate that for the high beam luminosities planned for RHIC or the LHC the beam lifetime could be limited to about 10 hours. 19 As with the e + e~ colliders, one can study particle production through the two-photon mechanism in heavy-ion colliders. For example, the number of 77° particles that have been produced up to now at the Hadron-Electron Ring Accelerator at DESY could be created in RHIC in three minutes by the two-photon mechanism. Heavy particles (17, 77' ,pairs and so on) could also be produced in this way. 18 For example, the production of the standard Higgs boson in relativistic colliders by means of the two-photon process would be of the same order as that induced by gluon-gluon interactions. However, the main technique for detecting the Higgs is through its bb decay. Because the direct electromagnetic production of bb pairs is larger than that of Higgs bosons, the two-photon mechanism might not be useful in this case. 20 Table 2 shows the cross sections for several electromagnetic processes that could be studied at RHIC or the LHC. We used y lab = 100 at RHIC and y lab = 4000 at the LHC. These numbers would be the maximum values for the cross sections, because we assumed that the colliders are filled with uranium beams. If other nuclei are used, one can extract the respective cross sections from these numbers, remembering that one-photon processes scale with Z 2 , while two-photon processes scale with Z 4 . Also, the possibility of measuring these processes depends on the luminosity of the beam as well as on the detection technique used to disentangle the electromagnetic contribution from that originating in hadronic processes.
Not shown in table 2 are many other cases-for example, the cross sections for atomic ionization, which are huge (on the order of kilobarns) and can be very useful for atomic physics studies, or the cross sections for low-energy-photon production, which are also very large and can be useful for beam monitoring. 
